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Pressure-induced magnetic transition exceeding 30 K in the Yb-based heavy fermion
superconductor β-YbAlB4
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Measurements of the electric resistivity ρ(T ) under pressure up to 8 GPa were performed on high-
quality single-crystals of the Yb-based heavy fermion system β-YbAlB4 in the temperature range
2 < T < 300 K. In the resistivity data, we observed pressure-induced magnetic ordering above
the critical pressure Pc ∼ 2 GPa. Clear difference in the phase diagram under pressure using two
types of pressure mediums indicates that the transition temperature may be further enhanced under
application of uniaxial pressure. With pressure, this phase transition temperature TM is enhanced
reaching 32 K at 8 GPa, which is the highest transition temperature so far recorded for the Yb-based
heavy fermion compounds. The power-law exponent α in ρ = ρ0+AT
α below TM gradually changes
from 3/2 to 5/2 with increasing pressure from 2 to 8 GPa. In contrast, the resistivity exhibits a
T -linear behavior in the temperature range 2 ≤ T ≤ 20 K and is insensitive to pressure below Pc. In
this pressure regime, the magnetization is also nearly independent of pressure and shows no anomaly
above 2 K. Our results indicate that a quantum critical point for β-YbAlB4 is also located near Pc
in addition to the strange metal region near the ambient pressure.
PACS numbers: 75.50.Ee, 72.15.Qm, 74.40.Kb, 75.20.Hr
I. INTRODUCTION
Intermetallic heavy-fermion (HF) compounds, mostly
based on Ce, Yb or U, undergo a quantum phase tran-
sition at zero temperature induced by the competition
between Kondo effects and intersite magnetic (RKKY)
interaction. Various types of exotic phenomena such as
non-Fermi-liquid behaviors, and unconventional super-
conductivity (SC) has been observed near a quantum
critical point. The delicate balance has been tuned by
varying control parameters such as magnetic field, dop-
ing, and pressure, as has been seen in the Ce-based quan-
tum critical materials, e.g., CeCu2(Si1−xGex)2, [1, 2]
CeIn3, [3] and the quasi-two-dimensional HF systems
CeMIn5 (M = Co, Rh, Ir). [4, 5] Significantly, the super-
conducting dome is found on the border of an antiferro-
magnetic (AF) phase in the pressure-temperature phase
diagram. This suggests that, for these Ce-based HF com-
pounds, the SC mechanism forming Cooper pairs is based
on magnetic fluctuations.
In contrast, the quantum-critical phenomena in the
Yb-based heavy fermion systems have not been explored
as extensively as for Ce-based materials. A key sub-
ject would be on a possible novel quantum criticality
expected based on the electron–hole analogy of the 4f
state between 4f1-Ce3+ and 4f13-Yb3+. As a prototype
of quantum-critical phenomena in the Yb-based materi-
als, the non-Fermi liquid behavior in YbRh2Si2 has been
well studied. [6, 7] This pure material exhibits weak anti-
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ferromagnetism below the Ne´el temperature TN = 70 mK
and can be driven to a HF quantum criticality by field-
tuning at ambient pressure. Despite the worldwide re-
search on novel phenomena in other HF materials, Yb-
based HF superconductivity has never been observed, ex-
cept in the recently discovered β-YbAlB4 [8], neither at
ambient conditions nor under hydrostatic pressure. Very
recently, YbRh2Si2 has been also found to exhibit su-
perconductivity at Tc = 1 mK in the antiferromagnetic
ordered phase. [9]
The intermetallic compound β-YbAlB4 is the first Yb-
based HF superconductor with a transition temperature
Tc = 80 mK and exhibits zero-field quantum criticality
(QC). [8, 10, 11] Hence, β-YbAlB4 is a system highly
appropriate for studying quantum critical phenomena at
ambient pressure; i.e., the temperature dependence of the
zero-field resistivity exhibits non-Fermi-liquid behavior,
specifically quasi-linear T dependence for 0.8 K < T <
20 K and T 3/2 dependence for Tc < T < 0.8 K. [8, 10]
Moreover, in the temperature range of Tc < T < 2 K,
the system exhibits divergent susceptibility χc ∝ T
−1/2
under a low field of 50 mT applied along the c-axis and
− lnT dependence of the magnetic part of the specific
heat CM/T . These anomalous thermodynamic behav-
iors suggest that the QC does not come from the stan-
dard theory based on spin-density-wave-type instability.
In addition, strong valence fluctuations were observed
in β-YbAlB4 (Yb
∼2.75+), in comparison with other Yb-
based QC materials such as YbCu5−xAlx (Yb
∼2.95+),
YbRh2Si2 (Yb
∼2.9+), and YbNi3Ga9 (Yb
∼2.9+). [12–14]
The valence fluctuations possibly play an important role
in understanding this unconventional quantum critical-
ity in β-YbAlB4 and thus exotic behavior may appear
through controlling parameters such as external pressure,
2magnetic field, and chemical substitution.
While maintaining sample quality, an external pressure
affords efficient control to reveal the phase diagram near
QCP in both Ce-based and Yb-based HF systems. In the
Yb-based HF systems, long-range magnetic order is ex-
pected to be stabilized at high pressure. This is because
the 4f moments are generally known to become more lo-
calized by reducing volume, as observed for example in
YbRh2Si2, YbCu2Si2, and YbNi3Ga9, [14–16] in sharp
contrast with the Ce-based counterparts. For β-YbAlB4,
of interest is how unconventional zero-field quantum crit-
icality observed at ambient pressure is associated with
magnetic order that is known to emerge under high pres-
sure. [17] In this article, we report the nature of the
pressure-induced magnetic order using high-quality sin-
gle crystals β-YbAlB4 and discuss the quantum phase
transition driven by pressure-tuning.
II. EXPERIMENTAL DETAILS
Single crystals of β-YbAlB4 were grown by the alu-
minum self-flux method. [18] To obtain high-quality
single crystals, several crystals were selected using the
residual resistivity ratio RRR = ρab(300 K)/ρab(0 K).
ρab(0 K) was estimated as the linearly extrapolated value
obtained at 0 K based on its temperature dependence ob-
served within the 2-5 K range. We spot-welded electrical
contacts to the ab-plane surface of crystals using 20 µmφ
Au wires. The temperature dependence of the electri-
cal resistivity under various pressures up to 8 GPa was
measured for the selected single crystals β-YbAlB4 with
RRR = 170 ∼ 250 (residual resistivity = 0.5 ∼ 1 µΩ cm)
in the temperature region between 2 and 300 K using a
cubic-anvil-type pressure cell [19] and a piston-type pres-
sure cell. [20] In the cubic anvil pressure cell, the mea-
surements were performed at a fixed pressure (where a
constant load pressure is applied) and at variable temper-
atures in the 2 to 300 K range. Hydrostatic pressure up to
8 GPa was applied using two different pressure transmit-
ting media, Daphne oil 7373 and a mixture of Fluorinert
70 and Fluorinert 77. DC magnetization measurements
under pressure were performed using a commercial su-
perconducting quantum interference device magnetome-
ter (Quantum Design). [21] Load pressure was always
changed at room temperature.
III. RESULTS AND DISCUSSION
Figure 1(a) displays the in-plane electrical resistiv-
ity ρab(T, P ) of β-YbAlB4 (RRR = 200) in the pres-
sure range 0 ≤ P ≤ 8 GPa measured using the cubic
anvil pressure cell with the pressure medium Daphne
7373. While the temperature dependence of the resis-
tivity ρab(T ) is almost independent of pressure up to
2.1 GPa, ρab(T ) exhibits a kink above P = 2.4 GPa.
The kink may well arise from a magnetic phase transition
FIG. 1: (Color online) High pressure measurements of β-
YbAlB4 using Daphne oil. Pressure dependence of (a) the in-
plane resistivity ρab and (b) the temperature derivative of the
resistivity dρab/dT of β-YbAlB4 (RRR = 200; red diamonds
in Fig. 4) up to pressure of 8 GPa. The inset shows ρab(T )
in the warming (open circles) and cooling (closed circles) pro-
cesses near the kink temperature at 2.4 and 2.8 GPa. Transi-
tion temperatures TM are determined using dρab(T )/dT val-
ues (see arrows). (c) Resistivity of β-YbAlB4 under 0 (black
symbol) and 8 (red) GPa and β-LuAlB4 at ambient pressure
over a wide temperature range from 2 to 300 K. The mag-
netic contribution ρm(T ) is calculated by subtracting data of
the ambient pressure β-LuAlB4 from ρ(T ) of β-YbAlB4. (d)
Pressure dependence of the coherent peak at T0 as determined
by the maxima of ρm(T ). See text for details.
because the gradual drop in resistivity is normally asso-
ciated with the loss of scattering from disordered spins.
Notably, it has been confirmed that Fe-substitution at
the Al site induces antiferromagnetic ordering through
the chemical pressure. [17, 22] Moreover, a smooth evo-
lution of TN was observed as a function of pressure in
β-YbAlB4, as well as the Fe-substitution, and thus indi-
cates that the pressure-induced phase in pure β-YbAlB4
has the same type of AF order that was found in Fe-
substituted β-YbAlB4. Based on the fact that no hys-
teresis is observed around the transitions in the warming
and cooling processes (inset of Fig. 1 (a)), the transition
is the 2nd order. The kink temperature TM gradually in-
creases with increasing pressure and reaches ∼ 30 K un-
der 8 GPa. Here, we determined TM using a kink found
in the temperature derivative of ρab(T ), dρab(T )/dT ,
[marked by arrows in Fig. 1(b)]. The enhancement in TM
3with pressure is expected in a magnetically ordered Yb
Kondo lattice compound, as mentioned above, and dif-
fers from the decrease in TM with pressure in Ce-based
compounds. Figure 1(c) shows the temperature depen-
dence of the resistivity ρab(T ) and the magnetic contri-
bution ρm(T ) between 2 and 300 K for pressures of 0 and
8 GPa. The peak temperature in ρm(T ), T0 [Fig. 1(d)]
is generally related to the coherence temperature Tcoh
for Kondo-lattice systems. [23, 24] Thus, the coherence
temperature is also suppressed with increasing pressure
in β-YbAlB4. Here, we also estimated T0 by using the
temperature dependence of the absolute value of the re-
sistivity that is calculated based on the actual length
and cross-section of the sample under pressure, which
are estimated from the X-ray diffraction measurements
under pressure at room temperature. We found that this
also gives the same dT0/dP slope within the error bar.
[17] This is a reasonable interpretation in the framework
of the Doniach phase diagram. Here, the pressure sup-
presses the Kondo coupling scale and thus stabilizes the
magnetic order, as indicated by the increase in TM as
a function of the pressure.[25] Moreover, the electrical
resistivity at 300 K gradually increases with pressure,
yielding a maximum value at 6 GPa and then decreases
for P < 8 GPa.
Figure 2(a) shows the detailed pressure dependence of
the electrical resistivity ρab(T, P ) for β-YbAlB4 (RRR =
100) in the pressure range 0 ≤ P ≤ 2.7 GPa obtained us-
ing the piston-cylinder-type pressure cell. ρab(T ) shows
nearly T linear dependence below 20 K and remains un-
changed for pressures up to P = 2 GPa, which is consis-
tent with the results below 2.1 GPa in Fig. 1(a). A change
in the resistivity appears around 40 K corresponding to
the peak found in the Hall coefficient RH, and may well
come from the formation of the coherent state. [26] In
particular, near this T range close to 40 K, a systematic
change in ρ(T ) with pressure was observed [Figs. 1(a)
and 1(c)]. As observed in the cubic anvil cell measure-
ments under a pressure of 2.4 GPa, a kink is clearly seen
near 4 K under P ≥ 2.4 GPa in both ρab(T ) and the
temperature derivative dρab/dT (see inset of Fig. 2(a)).
The same type of the transition behavior is also observed
in Fig. 1(a).
Consistent with the resistivity measurements below
2.1 GPa, the temperature-dependent Ising-like magneti-
zation [Fig. 2(b)] shows no magnetic order and pressure
independence for both B//c and B//ab in the pressure
region 0< P <1.9 GPa and in the temperature region
above 2 K. Hence, the magnitudes of both the Ising mo-
ment Iz and the Weiss temperature θW are insensitive to
pressure below 2 GPa.[27] The slight increases in magne-
tization below 20 K are larger than the previous observa-
tion [11] and are attributable to magnetic impurities on
the sample surface. While we did try to clean the sam-
ples, our measurements suggest that the impurities were
not fully removed from all the crystals used (30 pieces).
Further measurements of the pressure dependence of the
magnetization after washing the surface of impurities are
FIG. 2: (Color online) Pressure measurements of β-YbAlB4
using Daphne oil. (a) Temperature dependence of the electri-
cal resistivity ρab(T ) of β-YbAlB4 (RRR = 100; indicated by
red open circles in Fig. 4) for various pressures. Below 20 K,
the exponent α defined by ρab = ρo + AT
α is nearly 1. The
inset displays ρab(T ) and dρab(T )/dT for low temperatures;
the arrow shows a pressure-induced transition temperature at
P = 2.7 GPa. (b) Temperature dependence of the magnetic
susceptibility for both B//ab and B//c from 2 to 300 K under
various pressures. See text for details.
necessary.
With regard to the temperature dependence of the re-
sistivity above 2 K [Fig. 1(a)], the exponent α defined by
ρab = ρ0+AT
α gradually increases from 3/2 near 2 GPa
to 5/2 above 3.1 GPa [Figs. 3(a) and 3(b)]; α = 3/2
is expected for the 3D AF-QCP based on the conven-
tional spin fluctuation theory. Figure 3(c) shows contour
plots of the power law exponent α = ∂ ln(ρ − ρ0)/∂ lnT
4phase diagram of the other single-crystal of β-YbAlB4
(RRR =200). The wide T -linear region in ρab is ob-
served in 0 ≤ P . 2 GPa at low temperatures. The
exponent of 3/2 appears near the magnetic ordering tem-
perature. A similar power-law behavior, ρab ∝ T
3/2,
for the resistivity drop appearing below the kink tem-
perature has been observed in the pressure-tuned mag-
netically ordered state of MnSi near the quantum phase
transition. [28] In contrast, the α = 5/2 power law of
the resistivity below TM represents the electron–magnon
scattering contribution [29], and has been seen in the AF
phase of CeCu2(Si1−xGex)2. [1] The exponent α changes
smoothly from 3/2 to 5/2 with increasing pressure. The
pressure dependence of TN ∝ (P−Pc0)
2/3 as expected for
a 3D AF system is fit to the data in Fig. 4 using Pc0 =
2.1 GPa. [30–32] The fit is in good agreement with our
data for Daphne 7373 below ∼ 4 GPa, where ρab ∼ T
3/2
is observed. All these results suggest that the phase tran-
sition is associated with an AF ordering. Thus, based on
the P − T phase shown in Fig. 4, the critical point is
estimated to be Pc0 = 2.1 GPa near zero temperature.
We further checked the resistivity under pressure up
to 8 GPa using Fluorinert as pressure medium.(see Figs.
5(a) to 5(d)) The TM determined from the anomalies
in dρab/dT reaches at around 32 K under pressure of
P = 8 GPa. (See in Fig. 5(b)) In the magnetically or-
dered phase observed above Pc, the resistivity power-law
exponent has 3/2 under pressure of 2 ∼ 3 GPa. (See
in Fig. 5(c)) Under higher pressure, T 5/2 dependence
emerges when the ordered temperature becomes as high
as ∼ 20 K. (See in Fig. 5(d)) In Fig. 4, we summa-
rize the pressure vs temperature phase diagram of β-
YbAlB4 for both pressure media, Daphene7373 (using
the results in Fig. 1(a)) and Fluorinert. The two dif-
ferent phase diagrams indicate a large pressure-medium
dependence. We measured the temperature and pressure
dependence of the resistivity of different samples twice to
check the phase transition using each pressure medium.
Daphne oil is well-known to provide much better hydro-
static pressure than Fluorinert; in a cubic anvil cell, the
applied pressure should be completely hydrostatic, while
the pressure medium remains fluid. Under high pressure
at room temperature, both the Fluorinert 70&77 mixture
and Daphne7373 oils becomes solidified at Ps ∼ 0.9 GPa
and 2.2 GPa, respectively. While the displacement of the
six anvil tops was isotropic, the solidified medium causes
a strongly anisotropic pressure distribution in the cell
because the solidified pressure medium shows poor fluid-
ity and the cell geometry is anisotropic. When P > Ps,
where P is the current applied pressure and Ps is the
solidified pressure, the deviation from the hydrostatic
pressure, i.e., the so-called inhomogeneity, increases with
lowering the solidified pressure and thus with the differ-
ence pressure ∆P , which is defined as ∆P = P − Ps.
The Fluorinert mixture is solidified at a lower pressure
than the Daphne oil. The inhomogeneity for Fluorinert
is thus higher than that for Daphne oil at higher pres-
sures. [33–35] Therefore, we speculate that the difference
FIG. 3: (Color online) High pressure measurements in β-
YbAlB4 (RRR=200; indicated by red diamonds in Fig. 4)
with Daphne oil. Low temperature in-plane resistivity vs (a)
T 3/2 and (b) T 5/2 in β-YbAlB4. (c) Pressure–temperature
phase diagram for β-YbAlB4 (RRR = 200; indicated by red
circles in Fig. 4) with a contour plot of the power law expo-
nent α, which is defined using ρ = ρ0 + AT
α. α values be-
tween the measured pressures are interpolated linearly. The
red closed circles indicate the superconducting transition, Tc×
10.
in the phase diagram arises from the inhomogeneity in
pressure that induces uni-axial stress in the crystal. A
highly anisotropic bulk modulus is expected because the
ab-plane network of the Boron covalent bond should be
much harder than the c-axis ionic chain made of the Yb
ionic bond. The anisotropic bulk modulus has been con-
firmed by the Fe-substitution dependence of the lattice
parameter in β-YbAl1−xFexB4, estimated from the X-ray
measurements for Fe-substituted samples. [17, 22] More-
over, a much sharper increase of the kink temperature
was observed near Pc for the results taken using the pres-
sure medium Fluorinert, suggesting the phase transition
is of the first order. These indicate that the magnetically
ordered phase is not connected with the SC phase and is
separated from the quantum criticality observed for B =
0 at ambient pressure. [11, 17]
While almost pressure independent resistivity and
magnetization are observed in the pressure range 0 ≤
P ≤ 2 GPa, the magnetic phase transition of β-YbAlB4
was suddenly found at P > 2 GPa. Significantly, the
5FIG. 4: Pressure–temperature phase diagram for β-YbAlB4
using two different pressure-transmitting media Daphne 7373
(red symbol) and Fluorinert (blue symbol), where data
marked by the blue diamonds and circles are determined us-
ing single crystals with RRR = 250 and RRR = 170, respec-
tively. Both red diamonds and circles indicate the results for
two single crystals with RRR = 200. Red diamonds and cir-
cles correspond to the results in Fig. 1(a) and in Fig. 3(c),
respectively. The phase transition temperature TM is deter-
mined from the anomalies in the temperature derivative of
the resistivities, dρab/dT . Closed and open circles mark the
transitions determined by the electrical resistance obtained
from the cubic-anvil and piston-cylinder-type pressure mea-
surements, respectively. The blue solid line is a guide for
the eye. The red dashed line is a fit of our data to func-
tion f × (P − Pc0)
2/3 expected for a 3D AF system. Here,
Pc0 = 2.1 GPa and f = 7.3 K GPa
−2/3 are used. The super-
conducting transitions Tc (black closed circles, multiplied by
a factor of 20) under pressure are also indicated. [17] See text
for details.
phase transition of β-YbAlB4 reaches 32 K under 8 GPa.
TM is expected to be further enhanced at higher pres-
sure. Such high magnetic transition temperatures over
10 K has never been achieved in Yb-based HF materi-
als, e.g., YbInCu4 (TM = 3.3 K at P = 7 GPa [36]),
YbCu2Si2 (TM = 5 K at P = 12 GPa [16]), YbRh2Si2
(TM = 7 K at P = 15 GPa [37]), and YbNi3Ga9 (TM =
3 K at P = 11 GPa [14]). Hence, the observed transition
temperature of 32 K is the highest among the Yb-based
HF compounds known so far. Generally, because the f -
electron moment is sufficiently localized, the magnetic or-
dering temperatures in HF compounds is often observed
below around 10 K. In particular, that of Yb-based HF
should be lower than that of Ce-based HF because the
Yb f -electron is more-localized compared with that for
Ce.
IV. CONCLUSION
Using the electrical resistivity measurements obtained
from high quality single crystals of β-YbAlB4, we ob-
served a pressure-induced magnetic transition above
FIG. 5: (Color online) High pressure measurements of β-
YbAlB4 (RRR = 200; indicated by blue circles in Fig. 4)
using Fluorinert oil. Temperature dependence of (a) the in-
plane resistivity ρab and (b) the temperature derivative of
the resistivity dρab(T )/dT of β-YbAlB4 up to a pressure of
7.5 GPa. Transition temperatures TM are determined using
dρab(T )/dT values (see arrows). In-plane resistivity vs. (c)
T 3/2 and (d) T 5/2 in β-YbAlB4. See text for details.
Pc = 2.1 GPa (Pc . 2 GPa in Fluorinert). This phase
transition appears at an extremely high temperature
around ∼ 30 K (32 K under 8 GPa in Fluorinert). Fur-
thermore, the dramatic difference in the phase diagram
between those obtained by different pressure media indi-
cates that the magnetic quantum phase transition may be
weakly first order. In particular, both our measurements
of resistivity and magnetization under pressure have re-
vealed that the quantum critical phenomena are widely
robust and no magnetic order is found down to 2 K in
the intermediate pressure region 0 < P < 2 GPa. This
indicates that β-YbAlB4 may have two quantum criti-
cal regions near ambient pressure and near Pc, which are
separated by the intermediate pressure region (Fermi liq-
uid phase), suggesting a magnetic quantum critical point
near Pc = 2.1 GPa. Indeed, this behavior has been ac-
tually confirmed by the low temperature measurements
performed below 2 K. [17]
Generally, the HF compounds display quantum criti-
cality at the border of magnetism. In the Ce-based HF
superconductors, the superconducting phase near quan-
tum criticality is connected to the AF phase. [38] For
β-YbAlB4, the state showing unconventional critical be-
havior (the SC phase and ambient-pressure quantum crit-
icality) is separated from this magnetically ordered state
by the Fermi liquid phase. [17] Of high interest is the fact
6the non-Fermi liquid state at ambient pressure robustly
persists up to a critical pressure of around 0.4 GPa as
has been found in our former experiments. [17] These are
not features that are expected for magnetically mediated
superconductivity. The Yb-based HF with non-integer
valence may exhibit critical phenomena with not only
spin fluctuations but also valence fluctuations at quan-
tum criticality. This valence fluctuation is presumably
the key to understand the origin of the extensive region
of the quantum criticality found near ambient pressure
and the extremely high ordering temperature of around
30 K found under high pressure. The pressure-induced
ordering should be investigated in detail using magne-
tization and specific heat measurements under pressure.
The dramatic enhancement for TM most likely caused by
uni-axial pressure needs further study.
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